We have determined the complete genomic sequence of human astrovirus serotype 1 isolated in Newcastle upon Tyne. The genome is 6813 nucleotides long and contains three sequential open reading frames (ORFs). The two closest to the 5' end are linked by a ribosomal frameshifting motif and contain sequence motifs indicative of non-structural virus proteins: serine protease and RNA-dependent RNA polymerase. A nuclear addressing sequence is also located here. The 3' ORF encodes the virion structural polypeptides as a polyprotein precursor. This genomic organization resembles that of the plant virus family Luteoviridae.
We have determined the complete genomic sequence of human astrovirus serotype 1 isolated in Newcastle upon Tyne. The genome is 6813 nucleotides long and contains three sequential open reading frames (ORFs). The two closest to the 5' end are linked by a ribosomal frameshifting motif and contain sequence motifs indicative of non-structural virus proteins: serine protease and RNA-dependent RNA polymerase. A nuclear addressing sequence is also located here. The 3' ORF encodes the virion structural polypeptides as a polyprotein precursor. This genomic organization resembles that of the plant virus family Luteoviridae.
Astroviruses are small (28 nm) non-enveloped RNA viruses that were first observed in the faeces of infants with diarrhoea (Madeley & Cosgrove, 1975) . The virions possess a smooth margin and a proportion of them bear a characteristic five-or six-pointed star motif on their surfaces. Similar particles have been observed in the faeces of a number of animals and are generally associated with a mild self-limiting diarrhoeal infection . Until recently little was known of the molecular biology of these agents because isolates could be made only in primary human embryo cells and subsequently adapted to growth in continuous cell lines by several 'blind' passages. This limited the number of isolates made, however a number of groups have reported cDNA sequences from such cell culture-adapted astroviruses Major et al., 1992; Matsui et al., 1993) . There are up to seven serotypes of human astrovirus (HAst-1 to -7); sequence information is available for HAst-1 and -2 only. Investigations of the infected cell have shown that the viruses synthesize a separate subgenomic RNA which specifies the capsid proteins Willcocks & Carter, 1993) . The virion is constructed from three proteins (with Mr values of 33 000, 32 000 and approximately 25 000), which are cleaved from a polyprotein precursor (M r 90000) specified by this RNA. Consequently, astroviruses display similarities to the picornaviruses in virion t Present address: School of Biological Sciences, University of Surrey, Guildford, Surrey GU2 5XH, U.K.
Nucleotide sequence data described in this paper appear in the EMBL database under accession no. Z25771. composition, and to the caliciviruses with respect to the synthesis of a subgenomic RNA. However the observation of a nuclear addressing signal (Carter, 1994) and the detection of intranuclear fluorescence during infection show that these agents also have some unique features, and led to their designation by the ICTV as a new virus family, the Astroviridae (Monroe et al., 1994) .
We have described the isolation of human astroviruses directly from primary clinical specimens obviating the need for blind-passage adaptation (Willcocks et al., 1990) and have reported the sequence of the genomic 3' terminus . Others have since determined the complete sequence of the type 2 virus and identified the capsid protein gene Monroe et al., 1993) . We have compared this with the capsid gene from a type 1 virus (Willcocks & Carter, 1993 ) and now we extend this comparison to the nonstructural genes and report the complete sequence of a type 1 astrovirus derived from the first passage in CaCo-2 cells (i.e. without prior adaptation to cell culture). This virus shows features similar to those of the serotype 2 virus already presented, but also differs from the sequences of culture-adapted strains of both serotypes 1 and 2. These differences may reflect the process of host cell adaptation.
HAst-1 was grown in CaCo-2 cells directly from a diarrhoeal stool (Willcocks et al., 1990) . RNA was isolated 18 h after infection (before the appearance of c.p.e.). Polyadenylated species were selected and cDNA was synthesized using oligo(dT) as primer to yield the 3' clone described . The remainder of the virus was cloned by four successive rounds of primer extension using synthetic primers each HAst-1 5'-CCAAGAGGGGGGTGGTGATTGGC~-FFI~U~/DPTATCAGTGTATAGA 45 HAst-2 5"-CCAAGAGGGGGGTGGTGATTGGCC-i-i-I~GCTTATCAGTGTGTATA 45 **************************************** ** * HAst-1
85
*** ****** . **** ** . * * * *** *** derived from the sequence at the terminus of the preceding clone. The sequence of one or more clones derived from each round of primer extension was determined on both strands of the cDNA. The exact 5' end was cloned by an amplification method in which cDNA synthesized from the primer at the extreme 5' end was tailed with oligo(dC) and then amplified using a combination of the same primer and oligo(dG)12_lS (Meyers et al., 1991) . The sequence of this DNA was determined. The final nucleotide before the oligo(dC) added during amplification comigrated on a sequencing gel with the primer extension product synthesized from infected cell RNA using the same primer, confirming that the 5' end had been cloned . The virus RNA is 6813 nucleotides (nt) long excluding the poly(A) tail and has a base composition of A, 30 % ; C, 22 % ; G, 23 % ; U, 25 %. A pattern of three sequential open reading frames (ORFs) was observed which we number la, lb and 2 from the 5' end (Fig. 1 a) . There is a presumptive 85 nt non-translated region (NTR) at the 5' terminus preceding the first AUG, which is in a good environment for translational initiation (AXXAUGG: Kozak, 1989 ). These features are very similar to those reported for a serotype 2 virus (accession number L13745; Jiang et al., 1993) . The 5' NTR is well conserved (73 %), the exact 5' terminus and first 40 nt of the virus RNA are identical between the two serotypes ( Fig. 1 b) , but that of the serotype 1 virus is 3 nt longer.
Proteins deduced from the sequence of ORFs la and lb of HAst-1 are presented in Fig. 2 ; they show 96% identity with those reported for HAst-2 . These ORFs contain amino acid motifs indicative of non-structural proteins. The characteristic YGDD motif found in the RNA-dependent RNA polymerases of a variety of RNA viruses (Kamer & Argos, 1984) is located in ORF lb at position 1286. This motif is indicated in Fig. 2 , but the active polymerase probably involves other conserved sequence motifs (identified by Poch et al., 1989) . These are also present in both serotype 1 and 2 viruses . However ORF lb is not continuous with ORF la; the two coding regions are in separate frames and ORF lb lacks a suitable initiating methionine codon. The first such potential initiating codon is located at position 1064, some 150 residues downstream from the start of the ORF, and conforms only poorly to the consensus for initiating methionine codons (Kozak, 1989) . Finally, although a separate mRNA of suitable size for the expression of the 3' ORF 2 is synthesized during infection (Monroe et al., 1991) no further mRNA has been observed intermediate in size between the genome and ORF 2 mRNAs. These observations argue that the expression of ORF lb encoding the RNA polymerase does not involve independent initiation on a separate mRNA.
Examination of the sequence present at the 3' end of ORF la reveals a combination of sequence and potential secondary structure common to instances in which expression of sequential ORFs is achieved by ribosomal frameshifting (Kujawa et al., 1993) . Two potential 'slippery' sequences are located adjacent to a potential stem-loop structure (Fig. 3) . These features are conserved in HAst-2 as well as the cultureadapted HAst-1 . However the observation of two potential slip sequences is unusual and it is not known whether a ribosome could frameshift on only one of the two or on both. These features could provide for a -1 frame slippage at positions 913 or 918 yielding the sequences VKSEKQGPKK or VKSKNKAPKK (shown in Fig. 2 ). Stem-loop structures involved in translational frame slippage are often (but not always) further complicated by base pairing to form pseudoknots. Potential pseudoknot pairings exist close to the loop structure itself but involve only weak base pairing . A more stable interaction (eight of 10 nt) is located 145 nt downstream from the stem-loop (Fig. 3) . It is not known which of these pairings the RNA might adopt, but the second possibility would be one of the most distant pseudoknot interactions yet identified.
ORF la contains amino acid sequences indicative of protease function, but the putative astrovirus enzyme differs from that of picorna-and caliciviruses in having a serine at the active site. However the environment of the active residue is very similar to that of the active . 2 ). To preclude possible sequence errors arising from duplication events during the cloning procedure, this region of sequence was subsequently confirmed by sequencing other clones derived from an independent infection of CaCo-2 cells by the Newcastle virus isolate, and also a eDNA amplified following reverse transcription of RNA isolated directly from the faecal sample. This part of the non-structural proteins is of unknown function but is within 150 residues of the bipartite nuclear addressing signal.
At present we are unable to distinguish between a genuine strain difference, reflecting the time and distance between the isolation of the viruses concerned, and selection of host range mutants during adaptation in primary human embryo cells. However such a mutation must be comparatively rare and we consider that the observation of this event in two cell-adapted viruses suggests a functional role. Furthermore the deletions may affect a protein specifically transported to the nucleus. Such transport suggests interaction with host cell machinery and thus adaptation could be necessary to improve the efficiency of this process.
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